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ABSTRACT 

Sw 1644+57/GRB 110328A is a remarkable cosmological X-ray outburst detected by the Swift 
satellite. Its early-time (t < 0.1 days since the trigger) X-ray emission resembles some gamma-ray 
bursts (GRBs), e.g., GRB 090417B. But the late-time flaring X-ray plateau lasting > 40 days renders 
it unique. We examine the possibilities that the outburst is a super-long GRB powered either by the 
fallback accretion onto a nascent black hole or by a millisecond pulsar, and find out that these two 
scenarios can address some but not all of the main observational features. We then focus on the model 
of tidal disruption of a (giant) star by a massive black hole. The mass of the tidal-disrupted star is 
estimated to be > a few solar masses. A simple/straightforward argument for a magnetic origin of 
the relativistic outflow is presented. 

Subject headings: gamma ray burst: general — radiation mechanisms: non-thermal — X-rays: general 



1. INTRODUCTION 

Sw 1644+57/GRB 110328A was discovered on 
2011 March 28 at 12 :57:45 UT by the Swift satellite 
(|Burrows et al. 1 120111 ) . It is co incident with anopti- 
cal source at redshift z = 0.353 dLevan et al. 1 120111 ) , as 
well as a radio source (|Zauderer et al. 1 1201 ID - The to- 
tal isotropic energy in X-ray and 7— ray is ~ 10 53 erg 
and the luminosity of the flaring X-ray afterglow is ~ 
10 47 — 10 48 erg s _1 , both comparable to regular gamma- 
ray bursts (GRBs). However, the source was detectable 
and variable in Burst Alert Telescope (BAT) more than 
40 hr after the initial trigger (BAT re-triggered for quite 
a few ti mes), with peak brigh tness on the order of 200 
mCrab (iSakamoto et al. Il2011|) . Moreover the flaring X- 
ray plateau holds up to > 40 days. These features are 
rather peculiar and have not been reported in any GRBs 
before. 

In this work, we first compare the X-ray emission 
of Sw 1644+57/GRB 110328A with some Swift GRBs 
and examine whether such an ultra-long outburst can 
be explained within the regular GRB framework. We 
then focus on the model of tidal disruption of a star by a 
massive black hole. Within such a scenario, we propose 
a simple/straightforward argument for a magnetic origin 
of the relativistic outflow and estimate the mass of the 
tidal-disrupted star. 

2. IS SW 1644+57/GRB 110328A A SUPER-LONG GRB? 

As a type of cataclysmic outbursts, GRBs have 
exhibited very diverse characteristics in their observa- 
tional properties. But for the X-ray (afterglow) emis- 
sion, a canon ical behavior has been establis hed ( e.g., 
IZhang et all |2Q06f). Following IShao et al. I (pOlPf ). in 
Figgure [1] we present the X-ray emission light curves 
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of 138 long GRBs together with Sw 1644+57/GRB 
110328A in their rest frames. Interestingly, for t < 0.1 
days since the trigger, Sw 1644+57/GRB 110328A re- 
sembles some specific GRBs, say, the super-long event 
GRB 090417B at a similar redshift (z = 0.345). More- 
over, both events exhibit spectral softening at ~ 10 4 s 
and their optical emission is highly s uppressed which may 
suggest very strong dust extinction ([Holland et al. If2010l : 
iBloom et al."ll20Tlh . Please see Tabled] for more details. 

However, the late time temporal behavior of 
Sw 1644+57/GRB 110328A makes it unique. For t > 10 s 
s the X-ray emission is strongly flaring and appears as 
a plateau. While for regular GRBs, the late time X-ray 
emission declines with time very quickly (t~ 1A or so). As 
a result, at t ~ 10 6 s the X-ray flux of Sw 1644+57/GRB 
110328A is brighter than that of any known GRBs by 
more than two orders of magnitude, in spite of the fact 
that the outburst is under-luminous when compared with 
other regular GRBs in the early phase (see Figure [IJ . 

The extremely-long duration of the flaring X-ray 
plateau impos es a stringent constraint on th e physical 
origin (see also lDokuchaev fc Eroshenko 1120 111 ). For long 
GRBs, the duration is usually governed by the activity 
of the central engine that is determined by the accretion 
process, depending on the size/structure of the progeni- 
tor star. As a very simple estimate, the prompt accretion 
has a duration comparable to the free fall timescale of the 
progenitor material t s ~ 40(1 + z)i?^ 2 (Af BH /3M )- 1 / 2 
s. Please bear in mind that throughout this work, the 
convention Q x = Q/10 x has been adopted except for 
some special notations. One needs a progenitor star with 
a size larger than R ~ 10 13 (Af BH /3M Q ) 1 / 3 cm and a 
number density profile roug hly dn/dR oc R^' 2 to ac- 
count for the on going X-ray plateau of Sw 1644+57/GRB 
110328A (e.g.. IShao et al. 1 120101) . Such a giant star 
however is not expected to launch an energetic rela- 
tivistic outflow. Within the framework of GRB, the 
highly variable X-ray emission has been taken as the evi- 
dence of the prolonged-activity of the central engine (e.g . , 
iFan & Wei Il2005t IZhang et al. I [20061: IWu et al. 1 120071) . 
which could cither be due to the fallback accretion onto 
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the nascent black hole or alternatively the dipole radia- 
tion of a quickly rotating pulsar. 

In the fallback accretion scenario, the central en- 
gine can operate for a very long time. For example, the 
long-lasting (up to ~ 10 6 s) but rather soft spectrum of 
the "normally" declining X-ray aftergl ow of XRF 06021 8 
calls for a central-engine-origin (e.g.. iFan et~al~l 12006). 
As found in the numerical simulation, the initial plateau 
given by the collapse of a GRB progenitor star only lasts 
< 10 3 s and the following fallback accretion rate can be 
approximated by M cx t~ 5 / 3 (jMacFadven et al. Il200ll ). 
Such a temporal behavior is close to the X-ray afterglow 
decline of XRF 060218 but is significantly different from 
the flaring X-ray plateau of Sw 1644+57/GRB 110328A. 
In some specific cases, the emergence of the supernova 
reverse shock at the core at ~ 10 4 s can give rise to 
a prominent enhancement of the fallback- accretion rate, 
which lasts a few days and has a typica l fallback ac- 
cretio n rate of ~ a few x 10~ 6 Af Q s _1 ([Zhang et al. I 
2008). The energy output may be high up to L ~ 
a few x 10 47 erg s _1 (e/lO _3 )(0j/O.l) -2 , matching the 
X-ray luminosity of Sw 1644+57/GRB 110328A, where 
we assume an energy conversion coefficient e ~ 0.001 and 
a half-opening angle 8j ~ 0.1 of the newly-launched out- 
flow. However the second fallback accretion plateau is 
not long enough to account for the ongoing X-ray activ- 
ity of Sw 1644+57/GRB 110328A. 

In the pulsar scenario, the central engine would not 
turn off until it has lost most of its rotation energy. The 
relevant timescale can be quite long. Within the simplest 
dipole radiation model, the spin-down luminosity of the 
pulsar can be estimated by 

L dip = 4 x 10 45 erg s" 1 B» 13 i£X 8 (l + U) 

where B p is the dipole magnetic field strength of the 
neutron star at the magnetic pole, R s is the radius of the 
pulsar, Q is the angular frequency of rotation at t = 0, 

r = 4 x 10 6 s (1 + z)B~^ 2 8 h 5 Rj 

is the corresponding spin-down timescale of the pulsar, 
and I ~ 10 45 g cm 2 is the t ypical moment of inertia of the 
pulsar (e.g., iPacini |[l967l iGunn fc Ostriker 111969ft . For 
B~ 2 13 ft^ll 45 R~Q > 1 (i.e., t > 5 x 10 6 s), the long dura- 
tion of Sw 1644+57/GRB 110328A can be accounted for, 
while the spin-down luminosity given by Equation (fTJ) is 
too low to be consistent with the observed X-ray lumi- 
nosity Lx ~ 10 47 erg s _1 . Unless, the outflow has been 
collimated into a narrow cone with a half-opening angle 

9j < 0.09 eH\Q 3 .slU 2 L^, 

where e x is the radiative efficiency in the X-ray band 
and Lx is the observed luminosity of the long-lasting X- 
ray plateau. Yet, it is unclear whether such a narrow 
collimation can be achievable via the interaction with 
the expanding material of the associated-supernova. The 
other potential challenge of the pulsar model is how to 
produce the highly variable X-ray emission. 

3. TIDAL DISRUPTION MODEL 

Though the long-lasting activity of a GRB central 
engine seems possible, the luminous X-ray plateau last- 



ing > 40 days may favor a very different physical origin — 
"tidal disruption of a st a r by a massiv e black hole" (e.g . , 
iHiTlsl [19751 lReeiH98a lUlmer I [1991 ILu et al. 1 120081) . 
which has alr eady been applied to Sw 1644+5 7 /GRB 
110 328A bv iBarres de Almeida fc De Angelis! ([20111 ) 
and lBloom et al I ([201 1| ). 

3.1. Tidal disruption model: a brief discussion 

The minimum variability timescale of the X-ray 
emission of Sw 164 4+57/GRB 110328A is - 78 s 
(|Bloom et al. I 1201 ID . suggesting a black hole mass 
M BH ~ 7.8 x 10 6 M Q /[3(1 + z)} ~ 2 x 10 6 M^, where 
M Q is the solar mass (e.g.. ILu et al. 112008( 1. The tidal 
radius of a star captured by the massive black hole can 
be estimated by 

R T ~ 6.3 x 10 13 cm r^m^M 1 ^ 5 , (2) 

where m* = M*/Mq, r* = R*/Rq and M* (i?*) is the 
mass (radius) of the captured star. Some material is 
unbound. The bound part may create flare as it accretes 
onto the black hole. The most bou nd material re turns to 
the pericenter on a timescale (e.g.. lUlmer II1999T) 

tailback ~ 4.4 days (1 + z)(5i? p /i? T ) 3 ^ / 1 2 m; 6 M^, 5 , 

' (3) 

where R p is the pericenter of the star's orbitQ. Therefore 
the duration of the X-ray transient may be accounted for 
if the captured star is a (red) giant or alter natively an 
"S-st ar" as found in the Galactic center (e.g-. IAlexander I 
12005( 1. The highly variable X-ray emission may reflect the 
instability involved in the accretion process. 

3.2. The relativistic movement: constraint on the 
physical process launching the outflow 

The analysis of current observational data of Sw 
1644+57/GRB 110328A suggests that the outflow is 
likely rel ativistic with an in itial bulk Lorentz factor 
r ; > 10 ([Bloom et al. IIMtl . If such an estimate can 
be confirmed by the late super-luminal expansion mea- 
surement, the outflow should be launched and then ac- 
celerated via some magnetic processes since the pure hy- 
drodynamic acceleration is disfavored, as shown below. 

A baryonic ejecta will be accelerated by the ther- 
mal pressure until it becomes optically thin or saturates 
at a radius Rf , depending on the baryon- loading of the 
outflow. The optical depth of the photon at the radius 
Rf ca n be estimated as fe.g.. lPaczyriski | [l990; Jin et al. I 
l20l0Tl : 

t ~ / (1 - f3)na T dR ~ 1, (4) 

jRi 

where n ~ L/4irR 2 rjm p c 3 is the number density of elec- 
trons coupled with protons in the observer's frame, r\ is 
the dimensionless entropy of the initial ejecta, ctt is the 
Thompson cross section, j3 is the velocity of the outflow 
in units of c (the speed of light), and m p is the rest mass 

5 For a Schwarzschild (or a slowly rotating) black hole _R T /_R„ ~ 
1/3 2/3 

11.5r*m„ ' M BH ' 6 5 , the smallest distance to which the test par- 
ticle on a parabolic orbit can approach and yet not be swallowed 
by the black hole is R ~ 2R S , where -R s is the Schwarzschild radius 
HKobavashi et al. Il200i ). 
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of protons. Combing with the relations Rf ~ TRq (e.g. 
IPiranlll9990 and @ ~ 1 - 1/2T 2 , Equation © gives 



87r77r 3 m p c 3 i?o 



1. 



(5) 



where Rq > R s is the initial radius of the outflow getting 
accelerated. The final bulk Lorentz factor of accelerated- 
outflow is related to L and i? as 



r<r. 



s.Gin/rr^Ll^R, 



-1/4 
L 0,12 



< 



-1/4, 



,-1/4 
l 0,12 ' 



(6) 

where the fact that T < y has been taken into ac- 
count (see also iMeszaros fc Reesll2000l ). Therefore the 
hydrodynamic process is unable to accelerate the out- 
flow to a bulk Lorentz factor ~ T; > 10, which in 
turn suggests that the outflow is not baryonic. Actu- 
ally it is unlikely to launch an energetic baryonic out- 
flow with X] > a few for an accreting massive black hole 
(M BH ~ 10 6 ~ 7 Af Q ). The reason is that the inner region 
of the surrounding disk is very cool with a temperature 

Ti n ~ 1 keV M^hZy 4 Ri2^ 2 , where h is the ratio be- 
tween the height and the radius of the disk material. The 
cooling rate per unit volume owing to neutrinos (cx T^ 1 ) 
in such a "cold" region can be ignored. Hence no signif- 
icant neutrino emission is expected. Any other outflows 
driven by the thermal pressure from the disk suffer from 
significant baryon loading and cannot have an rj signifi- 
cantly larger than 1. 

Consequently we conclude that the relativistic out- 
flow from a black hole with a mass ~ 10 6-7 M cannot 
be baryonic. The magnetohydrodynamic (MHD) pro- 
cesses are needed to launch and then accelerate the rel- 
ativistic outflow. Our argument is in agreement with 
the p revious conclusion based on numerical simul ations 
(e.g.. IMeier eraT1l200l1: IVlahakis fc Konigl II2004D . The 
flaring X-ray/infrared emission may be highly polarized 
if these photons were the synchrotron radiation of elec- 
trons accelerated by the magnetic recon nection in the 
relativistic outflow. iBower et al. I ()2011[ ) set a 2-sigma 
upper limit on the linear polarization fraction of 4.5% at 
a frequency of 8.4 GHz. Such a low linear-polarization 
degree favors an exter nal-shock orig i n of th e radio emis- 



sion, as suggested by iBloom et al. I (|2011l ) . This is be 



cause in the external-shock model the electrons are ac- 
celerated at the forward shock front and the magnetic 
field is shock- generated/random. The linear polarization 
of the synchrotron radiation of the electrons cancels with 
each other and the net linear polarization degree is ex- 
pected to be very low. 

3.3. Estimating the mass of the tidal- disrupted star 

Till 2011 May 12, the isotropic-equivalent X- 
ray/7— ray emission energy is E lso > 10 53 erg. Such a 
huge amount of energy sheds some light on the mass 
accreted onto the central black hole. The possible phys- 
ical origins of the X-ray emission hav e been discussed 
in some detail by Bloom ct al. I (|201fl) . Instead of go- 
ing into detail of these possibilities, here we make the 
simplest assumption and then estimate the mass of the 
captured star. 

Case-I: the X-ray emission is mainly from the disk. 
In order of magnitude, the total disk luminosity is (e.g., 



IShapiro fe Teukolskv |[j"983l) 

L < O.lA/c 2 - 2 x 10 47 erg s _1 M_ 6 , 



where Af is the accretion rate (in units of 1 Mq s" 1 ). 
Please note that the disk emission is not narrowly- 
collimated and just about half of the star's material is 
bound, to account for the ongoing X-ray emission one 
needs a tidal-disrupted star with a mass 

M* > E iso /0.1 c 2 > a few Af . 

Case-II: the X-ray emission is mainly from the rel- 
ativistic outflow. As shown in <j3~2j the relativistic 
outflow should be launched by some MHD processes. 
In the most widely discussed Blandford-Zna jek process 
(jBlandford fc Znaiek lfl977l : iLee et al. Il2000f ). the lumi- 
nosity of the electromagnetic outflow can be estimated 
by L BZ - 1.8 x 10 45 erg (a/0.4) 2 AT 2 H 6 5 5 2 >7 , where a 

is the spin parameter of the massive black holc0, B H ~ 

1.1 x 10 7 G Aflg 2 R~\ 2 i s the magnetic field strength on 

the horizon and R H = (1 + \/l — a2 )R s With a proper 
collimation, the X-ray emission could have a luminosity 

L x ~ 2e x L BZ /0f ~ 10 47 erg s" 1 e x ._ 1 (a/0.4) 2 M_ 5 . 5 ^I 1 . 

'(8) 

Again, one needs M* > a few M Q to account for the data 
of Sw 1644+57/GRB 110328A. 

4. CONCLUSION AND DISCUSSION 

Sw 1644+57/GRB 110328A was detectable and vari- 
able in BAT more than 40 hr after the initial trigger (the 
BAT re-triggered for quite a few times). The early time 
(t < 0.1 day since the trigger) X-ray emission of this 
cosmological outburst seems not unusual, which actually 
mimics GRB 090417B. But the late-time flaring X-ray 
plateau lasting > 40 days renders it remarkable and dis- 
favors the speculation that it is a super-long GRB pow- 
ered either by the fallback accretion onto the nascent 
black hole or by a millisecond pulsar. A plausible model 
is the tidal disruption of a (giant) star by a massive black 
hole, as widely speculated since 1970s. In such a sce- 
nario with a simple/straightforward argument we show 
that the relativistic outflow should be launched by some 
MHD processes and the mass of the tidal-disrupted star 
is estimated to be > a few solar masses. 

We note that the tidal-disrupted object could also 
be a binary instead of a single star, given that the high 
stellar density pr evails at the center of a galaxy (e.g., 
lAlexanderl l2005[) and about half of the stars form in 
binaries (e.g.. iDuquennoy fc Mavorl 119911 ). Significant 
variability is naturally expected since the stars with dif- 
ferent radii may have very different ^fallback and then give 
rise to separate flares. For the current data rich of sub- 
structures this possibility may not be ruled out. However 
the rate of the tidal disruption of both stars in the binary 
might be about 10 times smaller than the rate of the tidal 
disruption of only one star, with the other ejected with a 
high velocity (e.g.. iGinsburg fc Loeb 1120061 12007D . Even 

6 This p a ramet er is hard to estimate/constrain. Recently, 
IKato et al. I 1120101 ) found that the spin parameters of black holes 
in Sgr A* and in Galactic X-ray sources have a unique value of 
a ~ 0.44. Hence we normalize the poorly-known a to a value 
~ 0.4. 
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so, the latter would probably suffer str ong tidal pertur- 
batio ns and mass loss before ejection (|Antonini et al. I 
l2010h . 

Though Sw 1644+57/GRB 110328A is likely pow- 
ered by an accreting massive black hole, the early (t < 
10 4 s) X-ray emission, including the luminosity, the spec- 
tral evolution, and the temporal behavior, is rather simi- 
lar to that of GRB 090417B, for which the central engine 
is plausibly a stellar black hole. This fact suggests that 
very different central engines can produce rather similar 
X-ray outbursts in a selected time interval, possibly via 
the same kind of energy extraction process. 

In this work we did not investigate the forward shock 
emission of the relativistic outflow. Since the central en- 
gine does not turn off yet, any reliable calculation should 
take into account the energy injection of the outflow as 
well as the cooling of the forward shock electrons by the 



photons generated in the internal energy dissipation (the 
byproduct is a high energy emission component due to 
the inverse Compton s cattering). A self -consistent ap- 
proach can be found in lFan et al. I (|2008t ). 
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TABLE 1 

Comparison Between Sw 1644+57/GRB 110328A and GRB 090417B. 



GRB 


z 


Duration 


Photon index 


Nn (Host Galaxy) 


A a 


Ref. 






(s) (15-150 kcV) 


(15-150 keV) 


cm * 


mag 




090417B 


0.345 


> 2130 


1.89±0.12 


(1.1 - 2.4) X 10 22 


>12 


1 


110328A 


0.353 


> 10 5 


1.72±0.18 


~ 2 x 10 22 


> 4.5 - 10 


2,3,4 



References. (1) Holland ct al. 2010; (2) Bloom et al. 2011; (3) Burrows et al. 2011; (4) Levan et al. 2011. 




Fig. 1. — Evolution of the spectral luminosity (top) and the photon indices (bottom) at 10 keV of Sw 1644+57/GRB 110 328A (bl 
together with GRB 090417B (red) and other 137 long GRBs (gray) in their rest frames HEvans et al. 1120101 ; fShao et al. II2O100 . 



